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1.0 SUMMARY

The Two-Dimensional Douglas Neumann Program for calculating the potential
flow sbout bodies of arbitrary shepe has been extended to handle lifting, in-
finite cascades. The resuliing very general program allows & wide range of
heretofore initractable problems to be solved. Essentially, the program can
handle eny problem in which the flow pattern repeats indefinitely along an axis.
In the Douglas Neumann program tkis axis is the y-axis. This permits the calcu-
lation of the flow sbout a lifting nr nonlifting cascade having any stagger angle
and spaci g and having arbitrary blade geometry. The program can also calculate
the flow about more than one cascade. Thus it can handle ‘he interaction prob-

lem of two or more parsallel cascades.

The Douglas Cascade Program is compared with other theoretical methods,
special analytical cases, and experimental data. Program deteils, among which

are input-output format and FORTRAN listing are given in the appendices.
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3.0 LIST OF FIGURES

Figure 1: A typical straight line element of the body surface. 11
Figure 2: Arrangement of data cards. 33
Figure 3: Vector diagram showing inlet, average, and exit velocities 42

and angles of attack. The cascade parameters, spacing and
stagger are also shown.

Figure 4: Pressure distribution on a circle in tandem with an infinite 43
number of similar circles,

Pressure distributions on three circles in cascade, The bl

(2]

Figure 5
central cascade has circulation. SP = 6 chord, oy = 439,
CI’l = '0.08’ CDl = 1036’ CIQ = 19.22, CD2 = -l-hh, CIB = 3.“’8’
cD3 = 0.08

Pressure distributions on three circles in cascade. The L5

Figure 6
arrangement shown simulates two cascades with a spacing ratio,
SP;/SP, = 2. Both cascades are noncirculstory. SP = 6,
ar =0, cL1 x Q, ch = 0,546, cL2 = 1.31, Cp, = -0.273, C13 =
-1.31, Cp, = -0.273.

Figure T: Analytic cascade profile "A", L6

Figure 8: Comparison of anslytic and calculated pressure distributions 47
on profile "A" in cascade.
(a) €y =0, 8 =0% a; = -45°, SP = 0.538
(b) Cp = 1.7, 8 = 9°, oy = 22.8°, SP = 0.538

Figure 9: Comparison of anelytic and calculated pressure distribution 49
on profile "C" in cascade.
(a) €y =1.125, 8 = 0°, o = 28.65°, SP = 0.795

(b) Cp =0, 8 =0% o =-30°, SP = 0.795
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Figure 10: Comparison of calculated and experimental pressure distri- 51
butions on an NACA 65-010 airfoil in cascade.
(a) cf, = -0.135, & = -33°%, oy = 30°, SP = 1.0
(b) ¢, = 0.2, 8 = -21°, @7 = 30°, SP = 1.0
(e} Cf, = 0.355, 8 = -15%, oy = 30°, SP = 1.0
Figure 11: Comparison of celculated and experimental 1ift coefficient 52
versus "effective"” angle of attack for the FACA 65-010 air-
foil in cascede.
Figure 12: Comparison of the pressure distribution, as calculated by 53
I. E. Garrick and by Douglas, of an NACA LL12 airfoil in
cascade.
{(a) C; = 1.0, 8 = °, sP = 0.968
(b) €f, = 1.0, 8 = 45°, SP = 1.096
Figure 13: Example problem control and data irput sheets 5k
(a) Header card and case control data
(b) Control date and x coordinates for the cascade body
(e¢) y coordinates for cascade body
(d) Control data and x coordinates for off-body points
(e) y coordinates for off-body points
Figure 14: Program output sheets for example problem 58
(a) Input or Basic data
(b) Solution at 0% angle of attack
(c) Solution at 90% angle of attuck
(d) Circulatory flow solution
(e) Combined solutions for cascade body
(f) Combined solutions for off-body points

Figure 15: FORTRAR listing of the Douglas Cascade Program 62
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4,0 NOTATION

Kutta-condition inatrix defined in appendix A

chord length of cascade blade

complex coordinate of body element midpoint

complex coordinate of body element first endpoint

complex coordinate of boedy element second endpoint

1lift coefficient per cascade blade normaslized with U the average

4k
velocity modulus, iﬂ; . 1if some other normalizing velocity,lfq

2’y
is used the 1lift coefficient is U?c ° When a set of cascades is

considered, Cj is the 1lift coefficient for the set.

pressure coefficient having the average onset-flow velocity as the
normalizing velocity

unit vectors in the x-and y-directions, respectively

complex unit, N[r;

midpoint and element subscripts, respectively

complex source strength, K = M 4 ir

source strength for point source

unit vecters in the normal and tangential directions, respectively
number of cascades considered

surface location of a source

surfece location of a general point

cascade spacing, the flow pactern repeats with this spacing along
a prescribed axis

modulus of V.

modulus of-VE

modulus of any normelizing velocity v




Vit Vg

average onset-flow velocity = 5

velocity at s due to a source at g

exlt velocity, veiocity at x = @

inlet velocity, velocity at x = -o0

invluence of element k at point s

influence of elewent k at the midpoint of element J, de =
xjk - 1Y3k

coordinates of a general point

x + 1y, complex coordinate of a general point

average angle of attack measured in *the counterclockwise direction
exit angle of attack

angle of attack of the kth element

inlet angle of attack

cascade turning angle

circulation about an individual cascade .blade

effect of a uniform onset flow at zero angle of attack on the
Kutta condition of the mth cascade in a systex of several
cascades

effect of a uniform onset flow at 9OQ angle of attack on the
Kutta condition of the mth cascade in a aystem oif several cascades
effect on the Kutta condition of the mth cascade due to circula-
tory flov about the nth cascade in a system of several cascades

E + 17 , complex coordinate of a source

stagger angle (see figure 3), measured clockwise
surface source distribution
airfoil trailing-edge angie




5.0 INTRODUCTION

The Douglas Neumann Program is a powerful tool for determining the potential
flow about one or more arbitrary two-dimernsionasl 1lifting bodies. The Neumann
program is rigorous in the sense that the exact solution is approached in the
limit as the number of pointa describing the body goes to infinity. This power-
ful method has now been extended to calculate the flow about infinite two-dimen-
siona: lifting cascades. Cascade data are wsied to advantage when working with
compressor stages, turning vanes, or propeller blad=s. A. J. Acosta (Calif.
Inst. of Tech.) and H, P. Linhardt (reference 1) have concluded that the use
of cascade theory to predict propeller characteristics is accurate even when
the propeller is extreme in configuration. These authors tested a low-aspect-
ratio axial-flow pump propeller. Comparison of the experimental results with
three-dimensional vortex and two-dimensional cascade theory showed the simple

cascade theory to be superior.

A cascaede is defined as simply a series of identical bodies equally spaced
and identicelly oriented. There are no restrictions on the body, shape, spacing,
and stagger angle. The cascade of bodies may be lifting or nonlifting. 1In
general, the program can handle any problem in which the flow pattern repeats
along en axis from plus to minus infinity., Figure 3 shows & double cascade

along with a graphical representation of the cascade parameters.

Shown in figures k, 5, 6, and T are some of the extreme configurations a
cascade might take, given the flexibility this program affords. The program
can also be used to calculate the flow past a series of cascade stages, i.e.,
more than one cascade. The stages, however, cannot move relative to each

other, since this would be an unsteady-flow problem.

In some cases the effect of boundary-layer displacement thickness on the

cascade blade is importent. In these cases the displacement thickness can be

7




added to the blade and the resulting thicker blade cun be used in the cescade

program., This displacement-tnickness technigue has been tried successfully

on a single isolated airfoil.

The Douglas Newmann program with ite cascade modification celculates the
velocity and pressure distribution normalized to average velocity and 1lift
coefficient and mowent coefficient per cascade blade, Also calculated are the
inlet and exit velocities and the cascede turning angle. Appendix C gives the
FCRTRAK listing and all the details of the input and output of the Douglas

Cascade Program.




6.0 THEORY

The technique employed by the Keumann Program to solve the fluid-flow
problem is to apply a source distribution of appropriate sirength cn the sur-
face of the body in suth a way that the flow normal to the surface of the body
is either zero or prescribed. This technique is described in great detail in
references 2, 3, and 4, When the Neumann boundary condition is applied, an
integral equation in source strength O is obtained. This integral equation

is

’Vw'?l z ¢ (s)+ G(;}A(;,S)c[% (1)

BoODY

S D
where A(q,s) = n* V(q,s) and Vo 1is the onset flow.

In the unmodified program V(q,s) is the familiar velocity at s due to
a unit source et q. If x,y are coordinates associated with s and Ei ,?Z
with q, then
— e o
V(g.s)= LV + 1V
vhere VX - (XZ"'E)
(x-E) +('3-Q)2 (2)

V. - (4-1)
Y (X_;s)g+(€’_rl)2

or, in complex notation,
y |
VotV = =
Z(s) - 5(5)

To modify the program to handle infinite cascades a rnew velocity at a point s

due to a unit source at q in a cascade is used.

This "new" velocity is the sum of the velocities due to a row of sources
equally spaced along the y axis. The sum is trne series representation of

the hyperbolic cotangent function (see Lamb, reference -, page 71). Thus the

9




cascade velocity is

V, -V, = o coth r—% [z(s)-‘? (3)]}

o o Lor (x-8)] aimh [& (x-8)]
{M & <7-q)]}2+ { aink g”%<x-5)]}
zse cou 35 (4 -n) Jain [ 95 (4-n)]
fain [ 2 (o)) }+ i 8]

x=

(3)

Y=

vhere SP is the cascade spacing. The cascade vortex velocity is (Lamb, page

okl) simply the cascade source velocity rotated 90o clockwise.

The technique employed to solve the integral equation given in (1) is to
approximate the body surface by straight-iine elements. The source strength is
assumed constant along any one element, but it varies from element to element.
Now if the Neumann boundary condition is applied at the midpoints of each of

these elements, equation (1) can be written as

Here we note that A(q,s) 1is now written Aj(q) since the positions of
the general pointsare now fixed as the element mid-points., Referring to the

definition of A(q,s) given for (1), we write

Aj (cb»)'z ne.v; (z) (s)

-
VJ(q) is the velocity at the mid-point of the jth element due to a unit source

at q. 10




Let the quantity —'*731: be defined as

A o _ -~ 6
Wi, = VJ(Z’)('{Z’ = (X + LY (6)
ELEM. k

—y — - —
For convenience the complex form of W(q,s ) or Wj(q) and V(q,s ) or V'j(q)
will be adopted and used henceforth. Substituting the cascade-velocity source

function found in (3) into (6), we have the following
)
Wih =X- (Y= Vj(%) d%: 5&; coth g%[zj-",’(g_)] (15_ (7)
ELEM. R ELEM. R
The kih element over wnic: tre integration is to be performed is shown in

figure 1. F.om figure 1 the following relations are evident

g |

5 (}) =Gyt 3- ei

c{.‘g = c(,} E‘:mk (8)

n

:

=\
P)

/ - F,

Figure 1.- A typical straight line element of the body surface.
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If the relations of (8) are used, equation {7) nmay be rewritten as follows:

C?h

we & [t coth [ (25 s

C‘h.

which upon integration becomes

e, [amh[F (-]
o W[% (Z;-Ca)]

wW=X-.Y = (9)
Equation (9) is the basic cascade source function used in the Douglas Cascede
Program. It represents the complex velocity at the jth element midpoint z3,

due to the kth source element in cascade.

If we now use the definition :iven in equation (6), equation (4) can be

rewritten thus:
N

N
— — < - ———
= Veo; " N =L Wik © " €k=ZAJ’h°“h

k" k:l (lo)

Equation (10) is then solved using equation (9) for the unxnown o . Once
the<$‘k values are known, tie velocity and pressure anywhere in the flow field

can be calculated,

To solve the general case of a lifting cascade at any angle of attack,
"basic" flows are calculsted and superimposed in such a way that the correct
angle of attack is obtained and the Kutta condition is satisfied, These "basic"
flows are the following:

1) Flow at zero angle of attack.

2) Flow at 90° angle of attack.

3) Circuletory flow for each cascade.

12




Equation (10) is solved for each one of the basic onset flows; here V., is the
onset flow in the equation. Superposition of solutions is possible because
the potential equation is linear and the boundary condition on the cescade
blades is homogeneous. The details of the superposition technique are given

in Appendix A.

In a cascade there is an infinite number of airfoils or blades, eachk hav-
ing a circulation. Therefore since the cascade runs slong the y-axis, there
exists an upwash an infinite distance upstream of the lifting cascade and s
downwash an infinite distance downstream. At these distances, tre lifting
airfoils act like a row of equally spaced vortices. The magnitude of the upwash

and downwash due to this row of vortices can be deduced from Lsmb (reference 5)

as
2
[ Uﬁ' CL C
Vup = ~Vdoum = 355 = Ljee (1)

where [' is the circulation per cascade body and SP is the cascade spacing.
lj,lis any convenient normslizing velocity. In ithe Douglas progragCL&Iis Just

U . (When more than one cascade is involved, " is replaced by :E: Mm; KC

is the number of cascades. Also Cy is the 1lift coefficient for tgzlset of
cascades.) The cascade therefore turns the flow. The upwash and downwash and
the cascade turning angle are shown in figure 3. For a cascade, the 1lift vector
1s norme ! to the average onset-flow velocity vector. The inlet and exit vel-
ocities can be determined by using (11) for Vyp and by referrinz to the vector

diagram of figare 3., All velocities will be normalized with the modulus of

the average velocity. The inlet and exit velocities are written as follows:

13




V-V,7 L .V, TG4 (12)
1T Uiy T U Y Fse
v___\-_z - [ _V_-"- CoLc
E U eSPU U J agp

The inlet and exit angles of attac: (see figure 2) can be writter as

- r C.LC1
-l oM + 25P ] = ton ' |AMat dsP
o, = Tan T od o J
-, r (13)
~ltam e — 24P
€ = Tam
E 8 Ll
Thus the turning angle is
C, C
r L (14)
-l op COd (@ ~1| 25P oL X
A:(xl—a:ta/n /D \2 = '_.(CLC>?'
x \25P 4sP

The average onset flow modulus U {s used in the definition of all of the
hydrodynamic coefficients and variables in the Douglas Cascade Program. In
some cases it may be desirable to normalize the velocities involved with the

inlet velocity modulus, U;. In that case we write

1k




2Ul
CLI- Uzce
o)
MOD. = | 3
( Uy (15)
Ve _ Vi T CLIC)<U1\
L& - i J 2%P Y/

The exit angle of attack cen be obtained from the exit velocity vector. Also
the turning angle can be calculated, since the inlet ard exit angle of attack
are known. To convert from the syster normalized with the average velocity to
the one using the irnlet velocity as t-e rormalizing factor, the following set

of conversions can be used:

2 (16)
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7.0 EXAMPLES AND CCMPARISONS

In order to give an idea of tne wide class of problems the Program can
handle, severazl cases hzve been calculeted. Figures 3, 4, 5, =, and 7 present

a range of confirurations and geometries that can be hendled with ease.

To show the accuracy of the Program, comparisons with exact solutions and
experimental data are presented. Figures 8, 9, 10, and 11 give these com-

parisons.

Figure 12 compares the Douglas Cascade Program with & theory developed by

Gerrick, reference T.

These figures are now described in detail.

7.1 TANDEM CIRCLES

To illustrate the fact that the Cascade Program cen be used for problems
not necessarily associated with the usual lifting cascade, tnhe flow about an
infinite -umber of nonlifting bodies in tandem was celculated (see figure b4).

In this particular case the bodies are circles; however, any body can be used,

This tandemr arrangement can be recognised as simply a cascade at 90°angle
of attack rotated 90o so that the axis of repetition, the y-axis, becomes the
x-axis. Recall that any problem where the flow pattern reveats indefinitely

in one direction can be handled by the Douglas Program.

T.2 MULTIPLE-CASCADES

Figures 5 and 6 are included to illustrate the multiple-cascade capability.

Shown in figure 5 are three parallel cascades. The central cascade has

circulation, while the other two do not. It would be & mistake to say that
16




because they have no circulation the two outside cascades are nonlifting. The
resultant forces in an interaction problem are not determined by the circula-

tion alone.

It is true that the total 1lift of the entire set is proportional to the
total circulation of the set and that the net drag of the set is zero. However,
this is a gross effect for the set and does not hold for the individusl members.
As is noted in figure 5 the total drag coefficient of the first and last cascade
ie the negetive of the drag coefficient on tne second cascade. The total 1ift

coeflicient of the cascade set is 22.7.

The trailing edge of the central circle is at -30° from the horizontal and

the inlet angle of attack for the cascade set is h3°.

For multiple cascades several limitations must be kept in mind. First, the
cascades must be parallel., Second, there can be only one spacing associated with
all of the cascades. In general, all the cascades of a set must have the same
spacing; however, certain excertions to this can be made. Ore of these exceptions
is illustrated in figure 6. In this case *he spacing of the second cascade is
exactly half the spacing of the first. This effect was obtained by putting two
.ascade bodies in the second cascade., The two bodies of the second cascade are
placed one above the other and spaced at exactly one-half the spacing of the
first cascade. This process can easily be generalized to many cascades, and the
result is that the spacing ratio of two or more cascades will be a rational number.
It is noted that there is still only one spacing associated with both cascades

of figure 6. This spacing is shown in the figure,

Since neither cascade has circulation, the set has no net 1ift. However,
bodies 2 and 3, of the second cascade, have lift equal but opposite in sign thus
the total 1ift is zero. The drag of the first cascade is equal to the thrust of

the second. The drag coefficient is 0.546.
17




7.3 ANALYTIC TEST CASES

The Douglas Neumann Program with its cascaede modification can calculsate
the flow about any cascade profile. To test this claim, the flow was calcu-
lated about the blade section, profile "A", shown in figure 7. This extreme
shape vas generated from a circle by using a series of conformal transformations.
Appendix B gives the details of these transformations. The pressure coefficients
obtained from the transformation method are exact. Figures 8a and Bb give the
exact and calculated pressure distributions over the blade in a cascade at two
different angles of attack. Generally the sgreement is good for such an ex-
treme blade shape; however, if greater accuracy were desired, more cocrdinate
points describing the body would be needed, To prevent crowding, not all of
the points calculated by the program are shown in these figures. For an ex-

ample where all of the points are plotted see figures i2a and 12b.

The blade section shown, profile "C" in figure 9, was obtained through
a series of conformal transformations in the same manner as the blade of figure
7 (see Appendix B). Also, figures 9a and 9b show the exact and calculated
pressure distributions over the blade in cascade at two angles of attack. Agree-
ment between anslytic and calculated pressure distributions is betier than that

of figures 8s and 8 as is to be expected, since the shape is less extreme.

7.4 EXPERIMINTAL COMPARISONS
Shown in figures 10a, 10b and 10c are calculated and experimentally ob-
tained pressure distributions for an NACA 65-010 cascade blade at three values
of 1ift coefficient., The experimental data were taken from reference ¢, Figure
11 shows the experimental and calculeted lift coefficients as functions of the

"effective" angle-of-attack for the cascade,

The "effective" angle of attack is simply the stagger angle plus the inlet

angle of attack. 18




The calculated and experimental pressure distribution: agree quite well
except for a small reglion near the trailing edge. The descrepancies near the

trailing edge are probably due to boundary-layer-thickness effects.

‘1.5 COMPARISON OF THE DOUGLAS METHCD WITH A METHOD DUE TO I. E. GARRICK

I. E, Garrick (reference 7) applied a straight-line cascade transforma-
tion in series with a Theodorsen-type transformstion to mep an airfoil in
cascade onto a single circle. Once the transformation was obtained, the pres-
sure distribution over the cascade airfoil could be found. Accuracy caen easily
be lost in the process of carrying out the operations invclved, because of the
peculiar nature of the straight-line cascade transformation. This may explain

som* of the discrepancies between the two methods.

Garrick calculated the flow over an NACA 4412 airfoil in cascade. Shown
in figures 12a and 12b are pressure distributions calculated by Garrick and
Douglas for the L4l2 cascade at two lift coefficients. In figures iZ2a and 1%2b
all points at which the Program executed a calculation are shown, This will
serve as a indication of the rnumber of coordinates used by the Program in the

solutior of the problem.

19
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APPENDIX A

Basic Solutions
Eacr "basic solutior” is a solution of the potential-fluid-flow problem
for & cascade of bodies with a given onset flow. Once determined, these "vLasic
solutions” are combined in such a way that the desired flow at infinity is ob-
tained and the Kutta condition on each cascade is satisfied., The "basic solu-
tions" needed for this combination procedure are:
1) Flow about tue several cascades at zero angle of attacxk,
2) Flow sbout the several cascades at 90° angle of attack,
3) Flow sbout tne cascades due to the presence of circulation in
the first cescade,
4) Flow about the cascades due to tne presence of circulation in
tre second cascade, and so forth.
To obtain circulation asbout a cascade profile, a unit vortex is placed
within the profile. This vortex serves as the onset flow for the circulatory

"basic solution".

In a cascade the flow pattern repeats indefinitely slong one axis, in tnis
case the y-axis., Therefore it is only necessary to deal with one of the cascade
blades. If the Kutta condition holds for one blade of a cascade, it holds for
all of them. Thus, in dealing with the cascade, only one blade will be con-

sidered.

Each basic solution violates the Kutta condition. A measure of this vio-
lution is the difference AV of the tangential velocities above and below the
trailing edge. The AV's of the basic solutions are denoted: AVO, AV90, and
OVipn; where m o= 1, 2...NC and n = 1, 2...-NC. Here AVp, is the
effect on the Kutta condition of the mth cascade due to circulation in the nth

cascade. NC is the number of cascades. Added together, the basic solutions

21




must satisfy the Kutta corditior on eac: cascade and also give the desired

flow at infinity.

COMBINATION OF BASIC SOT.UTIONS
For a set of isolated airfoiis the following set of linear equations in
the unknown circulation strengths satisfies the Kutta conditions on each air-
foil. The uniform onset flow at infinity is of speed U and angle of attack a.

The set of linear equations with the unknown [ is

1}
<

OVOoUcosa  + LAVOO,Usina - OVyy r&_ + OV, I“Q + oo = 0O

aVOgsUcosa +  AVYOu-Usina + AVgay ry + OVyeo ré 4 ses = 0
or, ir matrix form,
r a9 3 ( R
AVyy  OVyp e ry AVOjcosa  + AVYO;sing
AV r, AVOcosa + AVYO,sina
. q - = -U J . ¢ (A1)
AvNCl FNC ANONCcosa + AVQONCsina
— - S 4 “ P,

where

n

a angle of attack of the set of airfoils

r

n

circulation strensil per airfoil

For a set of cascades there is a complicating factor, and (Al) cannot be used
directly. The angle a, the average angle of attack, is not necessarily known.
What is known is any one of the following:

1) Cascade or set of cascades at a prescribed average angle of attack (a).

©) Cascade or set of cascades at a prescribed inlet angle of attack (aI).
3) Cascade or set of cascades at a prescribed 1lift coefficient (Cy).

4) Cascade or set of cascades wit' & prescribed turning angle (&a).
22




These cases are mutually exclusive. For example: if ar is prescribed the

other three cannot be prescribed.

For case (1) equation (Al) can bz used directly. For cases (2), (3), and
(4) there is an additional unknown, namely, . Thue an additional equation

must be found for these cases. The additional equations needed for cases (2),

(3), and {(k4), respectively, are: NC
- " | (42-2)
o 0 lanu o0, ~ Ay 00 - —— =0
I 25P I'-'m
NC =1
2.
= ) oG (r2-3)
ms= @ r‘
sp m

Tam (Ax) = m=! =0 (A2-4)

With some rearranging of the linear equations, (A2-2) and (A2-3) can be in-

corporaced into the set of linear equations (Al). However, (A2-4) cannot be

incorporated and must be solved iteratively together with (Al).

When Qg is the desired input, equation (A2-2) can be incorporated into

(Al). The resulting matrix equation is

UAV90;  AVyp AVyse s -AVpye | r}:_‘ana 1 (-vavo, |

. . . . 1/cosa .

. <r2/cosa = : \ (A3)
UAVIONC  AVycy AVnco™BVxenc | | - -UAVOyc

1 Qép gép "‘EéP PLC/COSQ tanag
- - ~ < \ J

When the lift coefficient C; is input, equation (2-3) can be used wit:,

(Al) in the following manner. First we may write

23




B .. 7
. . . . 'y /cosa
UAV90g~  OVyey  BVyco Snene| [ o/cosa
2 2_ 2_ ’
0 C C T I 8c/cosa
N 3L

o~

In the sbove set of linear equations notice tnat cosa, with

r:UAVOl

-Uavo

-UAVOye

CL/cosa

)

>(AL)

Q Aan unknown,

still appears on the r.zht-hand side of tie equation. To solve this set of

equations, definre A as

-UAVQOl avoav, e
A = .
UaviOye  AVyca
2 * * g-
0 c C

Let A-l, the inverse of A, be defined as

(21 8, - v ¢ 8y ]
-1 a
N
aNCl o s aNCNC
L -
Then (#4) be:omes i
( tany ) -UAVOl
"1 /cosa -1 -UAVOy,
< . / > = A < . >
[" NC/cosar -UbVOne
L ) CL/cosa
and therefore ~ J

tana = AVO; ay7 + AVO, eyp + ¢ ¢ ‘(CL/cosa) a1nc

2h

(A5)




Equation (A5) can then be used to solve for cosa. Equations (Ak) and (AS5)

represent the solution when CL is input.

As has been stated before, (Al) and (A2-4) must be solved iteratively

wvhen the turning angle &x is desired.

When dealing with the usual case of a single cascade, the equations
become very simple. Equation (Al) reduces to one equation and the matrix of

(A3) is of order two and its solution is trivial.
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APPENDIX B

Analytic Cascade Test Cases

Ir order to check the Douglas Cascade Program, several exact cascade
solutions were generated by conformal transformation methods. Specifically,
a circle was mapped by a series of transformation functions into a profile
in cascade, The final shape could not be determined exactly anead of time

but certain characteristics could be controlled.

The first in the series of mapping functions was the Karmen-Trefftz
transformation. This function maps a circle in the complex S-plane onto an

airfoil shape in the complex Q-plene. The transformetion is

r
Q - rd _ (S - d
Q + rd (S + d) (B1)

The real constant r determines T , the trailing-edge angle, by the relation
L= = (2-71) (B2)

The final airfoil shape is determined by the location of the circle witn
reference to the S coordinate system. The real constant d 1is the distance
from the origin to the intersection of the circle with the real S
axis. This intersection maps to the trailing edge of the airfoil. This mapping
is very similar to the Joukowski transformation, in that a displacement of the
circle toward the negative real S-axis produces tlrickness and a displacement
toward the positive imuginary S-axis produces positive camber. Thus tnese
three parameters determine the Karman-Trefftz airfoil: (1) the trailing-edge-
angle constant, r; (2) the radius of the circle, a; and (3) the location of

the center of the circle in the S coordinate system. For profile "A" r = 1.8,
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a = 1.0 and the center location is (-0.1, 1/4/2 1). For profile “C"

r = 1.85, a = 1.0, and the center locat'on is (-0.02, 0.51).

The second and last trensformation takes the Karmer-Trefftz airfoil in
the Q-plane into some profile in a cascede in the finel z-plane by using tre

following transformation:

= in (2 - A (
Z in (Q - B) \B3)

The spacing of the resulting cascade is always 2x, and A and B are complex
quantities. The singular points at A and B must be outside of the airfoil and
must not touch its surface. Essentially, the points A and B in the «-plane

go to plus and minus infinity, respectively, in the z-plane. The closer the
points are to the airfoil surface, the longer the cascade profile. For con-
venience of computation, the points A and B are rot selected in the airfoil
plane but in the circle plane. In the circle plane tley are called A' and B'.
For profile "A"

AI

0.057 + 0i, B' = -1.1 + O.°i. For profile "C"

At 1,0060~ + 0i, B' = -1.08tn0- + O0i. To determine the coordinates

of A ard B the transformation of (B6) is used witn A’ and B' in place of S
and A and B 1in place of Q.

To obtain t.e flow field in trne z-plene, tne complex potential must be differ-
entiated.

If F 1is this complex potential and w the complex velocity,

w
o

Wz) = Flz) _ dF(5)d

dz 35 e (Bb)

o dz

joF

ds
The term gg cer be obtained rrom (Bl)

= 2 - d (BY)
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dg
The term 3, can be obtained from (B3)

dQ - 9 - (A +B) +AB
dz A - B (B2)

The derivative §§L§2

as is the complex velocity in the circle plane; i.e.,

it represents the flow field abcut the circle. The question to consider is:

in what flow field is the circle immersed” The sanswer lies in the trarsformatior
(B3), ‘.e., tre mapping function that tskes t-e Karman-Trefftz airfoil to & pro-
file in cascade. It can be shown that a source at B and a sirk at A in the
airfoil plare ¢ ve a urniform flow from minus to plus infirity in the cascade
plane. It car also be shown tnat a vortex at each of tnese points gives s
vertical compcrert to tne uniform flow ir the cascade plane. Therefore the

following relations hold:

Ulcosar = scurce strengt -, M, at B

Ulsina1 = vortex stirengtl, F‘, at B (R7)
UhcosaE =  sinKk strength, M, at A
~Upsingg = vortex strencth, [, at A

To preserve contiruaity of miss in the cascade plane, tre source strenstl
at B must be equal to e s:nk _trength at A, The flow in which tne cyl.naer
is immersed is tner -enerated by a source and vortex st B and a sink and

vortex at A.

It can be s'own that the r~irculation about the cascade profile 1s tre re -
ative differerce of the strengtns of the vortexices located a. A and B. T us
&1l -irculations add u, to zero. Tie onset flow :as now beern determined ard
therefore the flow about » circle in this caset flow can be determined. Tne

complex potential function for this flow is
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_ 2 2
F = K; In(3-A) + K lnfs - %—) + K 1n(s-B) + K 1n(s - &) (38)

where a 1is thi: circle radius and K 1is the complex source strength M + [i.

M 1is the source mass flow and r is the circulation. The complex velocity is

Just the derivative of F and is

ar S +—}§1_,_, . oz, 2 (89)
ds S - A S - &< S-B g . &
A "B
U‘E‘
Kl = Ul(cosaI + i sinaI), Ke = -UI(cosaI + i ﬁ? sinaE)

If tre expressions for the derivities of (B}, (B-) ard (B3) are suosti-

tuted into equation (A9) and if S tim-es <hre values of the coordirates of the

circle tre velocity over tre surface of tnre cascade body in the z-plare can be

determined. In trese formulss trne velocities are rormalized with the inlet

velocity modulus UI'
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APPERDIX C

Program Input and Output
A summary of the Program input is presented before the detailed expla.z-

tion is given.

As is stated in the text, one or more cascade bodies of arbitrary shape
can be handled by the Program. However, there are three practical restrict-
ions on the input, as follows:

(1) The cascade body or bodies must be of finite thickness.

(2) The maximum number of bodies with circulation is 8.

(3) The maximum number of points describing all of the bodies and

off-body points is 500.

Bach body considered is a 1ifting body with a stagnation point at the
trailin, edge, unless otherwise specified in the input. It is assumed in the
program that the first coordinate point input is the trailing edge. The sur-
face coordinates are input, starting from the trailing edge ard progressing
around the body in the cleockwise direction, The last point of a body must be
the first point repeated. However, if the body is ron-closed and non-lifting

the last point 13 not the first point repeated.

In addition to calculating the flow on the cascade-body surface, the
Program can calculste the flow at points in the flow field., The coordinates
of these off-body points are input in the same manner as the coordinates of

the cascade body.

All ~oordinates, whether bod, -surface or off-body coordinates, may be
scaled, rotated, and translated. The Program exascutes these operations in

the order named.
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For diagnostic purposes the two matrices Ajk = ij n anxd Bjk =

p=

ka‘ t cen be printed out,

Input Data

Each case must consist of a header card, case control data, body control
data, and coordinate data. The header card contains the description of the
case, control flags, and case number. The case control data specify certain
constants used in the computation. The body control data specify the amount
of coordinate data being input and constants used to modify the coordinate
data. The coordinate data describe either the two-dimensional crose section
of the body or off-body points. All dats cards must contain sequence numbers
in card columns 77 through 80, so that the data may be sorted. If any data

cards are found to be out of sequence, the program will dizcontinue execution.

The data must be arranged in the following order (see figure 2):

1, Header Card {1 card)

2. Case Control Card (1 card)

3. Body Control Cards (2 cards)

L, Coordinate Data Cards (Variable number of cards)
Items 3 and 4 are repeated for each body (if more than one sody is being
considered) and for off-body points, if any. The Y coordinates for each
body, or off-body points, must always start on a new card, and must always
follow the X coordinates. Additional cases may be run by placing additional

sets (items 1 through L4) one after another.

If additional cases are to be run using some or all of the previous

untransformed coordinate data, the "Subcase" capability is used. All that
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need be input are the body control cards, with the "Subcase" flag marked,
that will transform the coordinaies of the previous case in a manner desired

for the present case.

If additional bodies are to be added their coordinates are input in the
normal manner, without the "Subcase" flag, following the body control cards
mentioned above. If, in additional cases, bodies are to be deleted or re-
placed these bodies must appeer last in the sequence of bodies in the original
case. To delete body coordinates simply omit the body control cards for that

bedy.

When replacing a body for a subcase simply introduce the new body con-

trol cards and coordinates in the place of the replaced body.

As an illustration, if it is desired to run two Cascades, call them A
and B, and then to delete B and run A alone,or with a new body C, the following
procedure is followed.

Input A as the first body and B as the second as shown in figure 2. Then
write new header and case control cards for the second case,placing them in
back of the y cards for body B. The body control cards for A are written
with the "Subcase" flag marked. To omit body B simply omit the body control
cards for body B. If a new body C is to be input in place of B,its body con-
trol cards followed by its coordinste cards would be input following the body
control cards for A.

A second type of subcase capability exists. If only the case control

data is to be changed for a second case simply mark the flag in card column 8

and write out the new case control data. For example, if the calculation is

desired at a second value of CL simply write an additional header card and

case control card with the new value of CL . This may be repeated indefinitely.
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*‘] - FIBSYS

/ - E.O.F.

~ Y Coordinates

) - X Coordinates

- Body Control Zard 2

~ Body Control Card 1

- Y Coordinates

- X Coordinates

- Body Control Carg 2

) - Body Control Card 1

- Case Control Card

~ Header Carg

Figure 2. - Arrangement of data cards

Every complete job must be followed by an end-of-file-card (7-8 punch
in card column 1) and a $IBSYS card ($IBSYS in card columns 1-6). Another
case may be run by placing a header card, case control card, etc., after the
last Y coordinates of the first case. Although not part of the data, an
end~of-file-card must always follow the program deck, so that the data for

ary Jjob are always pr~ceded by and followed by end-of-file cards.

Header Card:

Card column 1 must always be filled with any nonzero integer that indi-

cates the number of bodies being input. This integer must not be larger than 8,
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Card columms 2-12, when punched with any nonzero integer, activate flags that

indicate the following:

Cerd column:

2 Flow is to be determined at points off the body.

3 a 1is input for use in the combination equations for airfoils.

L & is input for use in the combinaticn equations for airfoils.

5 Inlet a is input for use in the combination equations for
airfeils.

6 CL is input for use in the ccuwbination equations for airfoils.

7 The matrix of influence coefficients is to be printed out.

8 Go directly to combination solution using basic velocity solu-

tions of the previous case,

9-12 Not used,

13-60 This description of the case will be printed on each section
of output,

63-68 This case number will be printed at the beginning of the
output,

T7-80 A sequence number must asppear in these columns,

Case Control Data:

All of the input items defined in this section, with the exception of

CHORD, are assumed to be zero if no value is input.

CHORD The chord length to be used in computations for this case, It
will be assumed to be 1.0 if no value is input. Any value

input must appesr with a decimal point.
SPACING The spacing betwesen the bodies of the infinite cascade, A
decimal point must be specified.

3k




Cy, The 1ift coefficient to bte used in the combination equations
for sirfoils. A decimal point must be specified.

(0 The angle of attack (in degrees) to be used in the combina-
tion equations for a2irfoils. A decimal point must be speci-
fied,

INLET a The inlet angle (in degrees) to be used in the combination
equations for airfecils. A decimel point must be specified.

Ja'o The cascade turning engle (in degrees) to be used in the
combination equations for cascades. A decimal point must

be specified.

Body Control Data:

Body Control Card 1

NN The number of points on the body being input. The sum of
all the NN for all bodies in a case must not be greater
than $00. This number must not specify a decimal point,
and it must be punched at the far right of its field {right-
justified).

MX The factor used to multiply all x coordinates. It is
assumed to be 1.0 if no value is input. A decimal point
must be specified.

MY The factor used to multiply all y coordinates. Otherwise,
same as MX,

THETA - Stagger The angle (in degrees) through which all points are to be

Arite rotated about the origin in tne clockwise direction (stagger

angle). A decimal point must be specified.
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ADDX The constant t5 be added to el x coordinates. A deciml

point must be specified.

ADDY The constant to be added to all y coordinates. A decimal

point must be specified.
Body Control Card 2

BDKN The body sequence number. This number must be a nonzero
integer if body coordinates follow; it is zero only if off-
body coordinates follow.

NLF This is a flag that must te any nonzero integer only if the
body whose coordinates follow is to be considered a nonlift-
ing or noncirculatory body.

SUBCASE This is a flag that directs the program to use the unmodified
coordinates of the body of the previous case. It must be any
nonzero integer,

gg The coordinates of the moment center to be used when the

combination equations for airfoile are used. A decimml

point must be specified.

Coordinate Data:

In inputting the body coordinates, it is essential that the coordinate data

start at the body trailling edge, progress around the body in the clockvise

direction and that the last point input be the first point repeated for =
closed body only. Thea example problem illustrates this procedure in figure

13b and 13c.

X The x coordinates of the points defining the body. (The

x coordinates of the off-body points if BDN is zero). A
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decimal point must be specified.

Y The y coordinates of the points defining the body. (The
y coordinates of the off-body points if BDN is zero). A
decimal point must be specified.

The x coordinates must precede the y coordinatzs in the
deck arrangement. There must be NK x coordinat=zs and RN

y coordinates.

Output:
All sections of output, with the exception of the matrix printout, is

preceded by the following header:
DOUGLAS ATRCRAFT COMPANY
LONG BEACH DIVISION
The information contained on the header card and the cass: control card is
printed on the first page of output. On this page, FL&: 2 corresponds to

card columm 2 on the header card, FLAG 3 to card colura 3, and so on.

The next section of output consists of basic da’.a, i.e., control and
coordinate data, for each body. The body control dita are printed out first;
the column headers follow:

X Y DELTA S SUMDS D ALPHA

Te X and Y colwms list the modified x and y coordinates and
the midpoints of the element formed by two connecutive body points. A modi-
fied coordinate is one that has been scaled, otated and translated accord-
ing to the input. The column headed by DELT/. S specified the length of the
element formed by two consecutive body poin‘.s, SUMDS shows a running sum

of the DELTA S column, and D ALPHA shos the angle between two consecu-

tive elements.
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If off-body points are input, the following column headers are printed
out after the basic data for all of the bodies:
X-OFF Y-OFF

These colurmns merely list the modified off-body points.
If FLAG 7 is punched (card column 7 on the header card), the A and

3k

Bjk matrices are printed cut after the basic data. Both matrices are printed

out in row order across the page.

If off-body points are keing run, Ajk and Bjk off-body matrices are

formed and are printed out after the on-body matrices.

The next section of output consists of the original x and y coordin-
ates and the midpoints of the elements formed by these coordinsates, the
velocities at the midpoints of the elements (V), and the corresponding pres-
sure coefficients (CP) and source densities (SIGMA). This output is repeated

for each onset flow i.e,, basic solution.

The combination solution follows the basic solutions. The combination
solution is a suitable combination of the basic solutions in such a way that
the Kutta condition is met and the other input requirements satisfied. The
format is exactly Lie same as that of the preceding solutions for one onset
tlow, except that the SIGMA column is replaced by & DELTA S columm, which
specifies the lengths of the originsl, unmodified elements. Also shown are
computed and input constants that apply to the combination solution: spacing,
alpha, ch, Ync’ inlet alpha, exit alpha, inlet velocity, exit velocity,

and delta alpha,

The last section of output shows the solution at the points off the

body. The column header for this section is simply:
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X Y VXL VYL
where the X and Y columns list the off-body points and the VXL and
VYL cclumns list the X and Y components of velocity at the sgpecified

off-body point.

Example Problem

To illustrate .he input procedure and to show and example of computed
output, an example problem is presented. The problem consists of a cascade
of cirzles of unit radius, spaced three radii apart. The cascade is at an
average angle of attack of 10°. The only coordinate mcdification is a rota-
tion of 180° to place the first coordinate point at the desired trailing-
edge position which, in this problem, is on the x-axis. (see figure 13a)
The circle is composed of thirty coordinate points spaced equally around the
perimeter. The input coordinstes (see figure 13t and 13c) progress in the

clockwise direction.

The example problem also shows the input and output for four off-body
points. The cocrdinates of these points are input iz the same manner as the
circle coordinates (see figures 13d and 13e) except that the flag BDN is

marked O.

The output for the example problem is shown in figures lha through f.
Figure lha shows the basic data, i.e., the input data and the transformed
coordinates. The basic data are given on the first three pages of output.
Figures 14b, ¢, and d show the output sheets that give the three basic flow
solutions: the solution at 0° angle of attack, the solution at 90O angle of

attack, and the solution due to a circulatory flow. Figure lhke shows the
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output sheet that gives tke combination solution for an average angle of
attack of 10°, Also shown on the output of figure lke are the following:
(1) Inlet and exit velocity and angle of attack
(2) Cascade 1ift and moment coefficient and the x and y force

coefficients

(3) Spacing

(4) Cascade turning angle
Figure 1u4f shows the output sheet for the off-body point velocities.

Figure 15 gives a complete FCRTRAN IV listing of the Douglas Cascade

Program. Ten tape units are needed on the computer for this program.
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Figure 12. - Comparison of the pressure distribution, as calculated by |. E. Garrick and by Douglas,
of an NACA 4412 airfoil in cascade. (a) C, -=1.0, 8 =0°, SP =0.968

(b) C,_ =1.0, 6 =45°, SP =1.09
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Figure 13.- Example problem control and data input sheets. (2) Header card and case control data.
(b) Control data and x coordinates for the cascade body. (c) y coerdinates for cascade body.
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Figure 13. - Continued (d) Control data and x coordinates for off body points.
(e) y coordinates for off-body points.
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CASE ONE

STREAMFLOK SOLUTION

DGUGLAS AIRCRAFT COMPAKY
LONG BEACH DIVISION

2<9 CASCADE TEST PRUBLEM

UNTRANSFORMED COORDINATES
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Figure 14. - Continued

X

-0.99999999
-0.98907378
-0.97814759
~0.94584651
-0.91354544%
-0.86128122
-0.80901700
-0.73907379
-0.66913059
-0.58456529
-0.49999999
-0.40450849
~0.30201700
~0.20677274
-0.10452846
o.
0.10452846
0.20677272
U.30901699
0.40450849
0.50000000
0.58456530
0.66913061
0.7390737%
0.80901697
0.86128121
0.91354544
0.94584652
0.97814760
0.98907379
0.79999999
0.98907379
0.97814760
0.94584651
0.91354544
0.86128121
0.80901699
0.73907379
0.66913059
0.58456530
0.50000000
0.40450849
v.30901697
0.20677212
0.10452846
-0,
-0.10452846
-0.20677273
-¢. 30901700
~0.40450849
~0.50000000
-0.58456530
-0.66913061
-0.73907380
- 0.80901700
0.86128122
~0.91354544
-0%94584651
~0.97814760
-0.98907375
-0.99999990

Y

-0.00000001
0.10395583
0.20791168
0.30732416
0.40673663
0.49726093
0.58778523
0.66546501
0.74314480
0.80458509
0.86602539
0.90854094
0.95105650
0.97278919
0.99452189
0.9945218¢
0.99452189
0.97278919
0.951056%0
0.90854095
0.86602540
0.80458511
0.74314483
0.56546503
0.58778524
0.49726094
0.40673663
0.30732416
0.20791169
0.10395%84
0.

-0.10395584

-0.20791169

-0.30732416

-0.40673663

-0.49726094%

-0.58778524

-0.66546503

=0.74314483

~0.80458511

-0.86602540

~0.90854095

=0.95105650

-0.97278919

~0.99452189

~0.99452189

-0.99452189

~0.97278919

-0.95105650

-0.9085409¢

-0.86602539

-0.80458509

=0.74314480

=0.66546501

-0.58778523

~0.49726093

~0.40673663

-0.30732416

=0.20791168

-0.10395583
0.00000001

-0.27628037
-0.82911973
~-1.38354529
~1.94094200
~2.49449280
-3.00859588
=3.39735663
=3.54606095%
~3.39735693
~3.0085962T
=2.49449351
=1.94094250
-1.38354616
=0.82912067
-0.27628082
0.27628004
0.82911979
1.38354519
1.94094194
2.49449295
3.00859606
3.39735678
3.54606113
3.3973%699
31.00859636
2.49449340
1.94094259
1.38354608
0.82912064

0.27627993

37

ce

0.92366915
0.31256047
~0.91419758
=2.76725584
=5.22249430
-8.05164909
-10.54203200
-11.57454824
-10.54203403
-8.05165148
=5.22249788
=2.767257715
~0.91419996
0.31255904
0.92366891
0.923669%34
0.31256037
~0.91419728
-2.76725560
~5.22249502
-8.05165017
~10.54205308
~11.57454944
-10.54203439
-8.05165195
=5.22249728
-2.76125811
-0.9t4199175
0.31255897

0.92366940

(b) Solution at 0° angle of attack

SIGMA

-3.13563100
~3.05742222
-2.89666861
~2.63964686
-2.25525227
~1.69506222
-0.92603669
-0.00000057
0.92603564
1.69504154
2.25525099
2.639645798
2.89666799
3.05742201
3.13563150
3.13563138
3.05742210
2.89666864
2.63964716
2.25525236
1.69504198
0.92603677
0.00000054
-0.92603590
-1.69504163
-2.25525141
-2.63964647
-2.89666826
-3.05742183

-3.13563240




CASE ONE
90-DEGREE FLOW SOLUTION
UNTRANSFORMED COORDINATES
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Figure 14. - Continued

X

-0.99999999
-0.98907378
~0.97814759
-0.94584651
-0.9135454%
-0.86128122
~-0.80901700
-0.T3907379
-0.66913059
-0.58456529
-0.49999999
-0.,40450849
-0.30901700
~0.,20677274
~-0.106452846
C.
0.10452846
0.20677272
0.20701699
0,40450842
0.50000000
0.58656530
0.66913061
0.73907379
0.80901697
v.86128121
0.91354544
0.94584652
0.97814760
0.498907379
0.99999999
0.38907379
0.97814760
0.94584651
0.91354544
v.86128121
G.80901699
0.73307379
0.66913059
U.58456530
¢.»0000000
0.4N450849
0.30901697
0.20677272
0.104528456
=0
-0, 10452846
~0.20677273
~-0.30901700
-0.40450849
=0+50000000
-0.58456530
“0.66713061
-0.73907380
-0.80901700
-0.86128122
~U.71354%44
~0.94584651
“0.97814760
-0.98907375
-0, 27999990

DOUGLAS AIRCRAFT COMPANY

LONG BEACH

2-D CASCADE TEST PROBLEM

Y

~0.00000001}
€.10395583
0.20791168
0.30732416
0.40573663
0.49726093
0.58778523
0.656546501
0.74314480
0.80458509
0.86602539
0.90854094
0.95105650
0.97278915
0.99452189
0.99452189
0.99452189
0.97278919
0.95105650
0.96854095
0.86602540
0.80458511
0.74314483
0.56546503
0.58778524
0.49726094
0.4067366)
0.30732416
0.20791169
0,10395584

0.
-0.10395584
-0.20791169
-0,30732416
-0.40673663
-0.4972609%4
-0.58778524
-0.66546503
~0.7431444d3
-0.80458511
~0.86602540
-0.90854095
~0.951056%0
-0.97278919
-0.,79452189
~0.99452187
-0.79452189
-0.97278919
-0.95105650
~0.9085409¢4
-0.86602539
-0.80458509
-0.74314480
~-0.66546501
-).58778523
-0.49726093
-0.40673663
-0.30732416
-0.20791168
-0.10395583

0.00000001

-1.53488527
~1.44404635
~1.27005473
-1.02985202
-0.75146042
-0.47140203
-0.22030935
-0.00000036
0.22030865
G.47140139
0.75145990
1.02985173
1.27005431
1.44404624
1.53488547
1.53488551
1.44404645
1.27005479
1.02985221
0.75146053
0.47140203
0.22030934
6.00000038
-0.22030871
-0.47140150
-0.75146005
-1.02985184
-1.27005456
-1.44404650

-1.53488554

DIVISION

cep

-1.35587278
-1.08526984
-0.61303900
-0.06059517
0.43530724
0.777718012
0.95146379
0.99999999
0.95146409
0.77778073
0.43530802
~0.0605%459
~0.61303794
-1.08526954
-1.35587338
-1.35587353
-1.08527014
-0.61303915
-0.06059557
0.43530708
0.77778012
0.95146379
0.99999999
0.951406407
0.777718063
0.43530780
~0.06059480
~0.61303858
~1.08527029
~1.35587361

(¢) Sofution at 90° angle of attack

58

SIGMA

0.18791410
0.54974247
0.86980452
1.12206495
1.28728521
1.36378153
1.37810113
1.37502626
1.37810123
1.36378188
1.28728572
1.12206513
0.86980546
0.54974321
0.18791476
-0.18791421
-0.54974271
~0.86980455
~1.122046489
~1.28728540
-1.36378179

-1.37810113

-1.37502635
-1.37810141
-1.36378205
~1.28728585
-1.12206538
-0.86980533
~0,54974335

-0.18791355




CASE ONE

NON-UNIFUOKM UNSFET FLOW SOLUTION NO.

DOUGLAS AIRCRAFT COMPANY

LONG BEACH DIVISION

2-0 CASCADE TEST PROBLEM

UNTRANSFORMED COOROINATES

10
1
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

X

-0.79399999
-0.98907378
-0.97814759
=0.94584651
=0.91354544
-b.86128122
-0.20901790
=0.73907379
-0.669130%9
-0.58456529
=0.49999999
~0.40450649
-0.30901700
~0.20677274
-0.10452846
O.
0.10452846
U.20677272
0.30901699
0.40450849
0.50000000
0.58456530
0.66913061
0.73907379
0.80901697
0.86128121
0.91354544
0.94584652
0.97814760
0.9890737%
0.99999999
0.98907379
G.97814760
0.94584651
0.91354544
0.86128121
0.809016Y99
0.73907379
U.66913059
0.58456530
0.50000000
0.40450849
0.30961697
0.20677272
0.10452846
=0,
~U. 10452846
=-0.20677273
-0.30901700
-0.40450849
-0.50000000
-0.584556530
~0.66913061
=0.73907380
~-0.8090L700
~0.86128122
=0.91354544
~0.9%584651
-0.97814760
~0.28907375
=C.99999990

Y

-0.00000001
0.10395583
0.20791168
0.30732416
0.40673663
0.49726093
0.58778523
0.66546501
0.T4314480
0.80458%09
0.86602539
¥.90854094
0.9%105650
0.97278919
0.99452189
0.99452189
0.99452189
0.97278919
0.95105650
0.90854095
0.86602540
0.80458511
0.74314483
0.66546503
0.58778524
0.49726094
0.40673663
0.30732416
0.20791169
0.10395584%
0.

-0.10395584

~0.20791169

-0.30732416

-0.40673663

~0.49726094

~0.58778524
~0.66546503
~0.74314483
~-0.80458511

-0.86602540

-0.90854095

-0.95105650

-0.97278919

-0.99452189

~0.99452189

-0.99452189

-0.97278919

-0.95105650

-0.90854094

~-0.86602539

~0.80458509

-0.74314480

~0.66546501

-0.58778523

-0.49726093

-0.40673663

-0.30732416

-0.20791168

-0.103955813
0.00000001

Figure 14. - Continued

1

0.25337435
0.23853764
0.21024562
0.17160053
0.12796326
0.08709732
0.05785099
0.04723441
0.05785099
0.08709731
0.12796327
0.17160054
0.21024559
0.23853765
0.25337436
0.25337438
0.23853766
0.21024563
£.17160054
0.12796328
0.08709731
0.05785100
0.04723441
0.05785100
0.08709732
0.12796328
0.17160055
0.21024563
0.23R53769

0.25337437
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ce

0.92580144
0.94309979
0.955796178
0.97055326
0.98362540
0.99241406
0.99665326
0.99776891
0.99665326
0.99241406
0.98362540
0.97055325
0.95579679
0.94309978
0.93580143
0.93580142
0.94309978
0.95579677
0.97055325
0.98362540
0.95241406
0.99665326
0.99776891
0.99665326
0.99241405
0.98362540
0.97055325
0.95579677
0.94309977

0.93580142

(d) Circulatory flow solution

SIGMA

-0.02108791
-0.06055873
-0.09188694
-0.10970391
-0.10935894
~0.08856266
-0.04960032
-0.00000000
0.04960030
0.03856265
0.10935894
0.10970289
0.09188698
0.06055875
0.02108794
~0.021068793
-0.06055875
-0.091886494
-0.10970390
-0.10935894
-0.08856265
-0.04960031
~-0.00000000
0.04960032
0.08856265
0.10935895
0.10970390
0.09188696
0.06055877

0.02108780




2-D CASCADE TEST PROBLEM

SPACING = 3.00000000 ALPHA = 9.99999988 DELTA ALPHA »
INLET ALPHA = 19.51188397 V INLET = 1.04480879 XHC = 0.
EXiT ALPHA = =-0.09729340 v EXIT = 0.98480917 YMC = 0.
COMBINED YELOCITIES
BOOY NU. 1 UNTRANSFGRMED COURDEINATES
X Y- vC cp DELTA S
1 -0.93999999 -0.000008001
-0.98907378 0.10395583 ~0.27208283 0.92597093 0.20905692
2 -0.97814759 0.20791168
-0.94584651 0.30732416 -0.81635635 0.33356231 0.20905693
3 ~0.91354544 0.40673663
-0.86128122 0.49726093 -1.36190663 -0.85478967 0.20905690
4 -0.80901700 0.58778%23
-0.73907379 0.66546501 -1.90977612 -2.64724481 0.20905694
5 -0.66313059 0.74314480
-0.58456529 0.80458509 -2.45247802 -5.014648%4 0.209056%3
6 -0.49999999 0.86602539
-0.40450849 0.30854094 -2.95312697 -7.72095883 0.20905690
4 -0.30901700 0.95105650
-0.20677274 0.97278919 -3.32314461 -10.04329002 0.20905633
8 -0.1045284¢€ 0.79452189
G. C.99452189 ~3.44250140 -10.85081577 0.209905694
9 0.10452846 0.99452189
0.20677272 0.97278919 -3.24663243 -9.54062212 0.20905691
10 0.30901699 0.95105650
0.40450849 0.90854C95 -2.78941125 -6.78081506 0.20905693
11 0.50000000 0.86602540
0.58456530 0.80458511 -2.19149938 -3.80266953 0.20905692
12 0.66913061 0.74314483
L. 73907379 0.66546503 -1.55211282 -1.40905419 0.20905691
13 0.80901697 0.58778524
0.86128121 0.49726094 -0.92082220 0.15208647 0.20905692
14 0.91354544 0.4C673663
0.94584652 0.30732416 -0.31484519 0.90087250 0.20905692
15 0.97814760 0.20791169
0.98907379 0.10395584 0.26097684 0.93189109 0.20905692
16 0.99999999 0.
0.98907379 ~0.10395584 0.80514307 0.35174464 0.20905692
17 0.97814760 -0.20791169
0.94584651 ~0.3073241¢6 1.31820282 -0.73765868 0.20905692
18 C.91354544 -0.40673663
0.86128121 -0.49726094% 1.80423087 -¢+25524902 0.20905691
19 0.80901699 -0.58778524
U.73907379 -0.56546503 2.27079713 -4.15671959 0.20965694
26 0.566913059 -0.74314483 .
0.58456530 -0.80458511 2.72169322 ~6.40761393 0.26905691
21 0.50000000 -0.86602540
0.40450849 -0.50854095 3.13636646 -8.83679450 0.20905694
22 0.30901697 -0.95105650
0.20677272 -03.97278919 1.444685435 -10.8670¢144 0.20905690
23 0.10452846 ~0.99452189
-0. -0.99452189 3.54187548 -11.54488182 0.20905694
24 -0.104%2846 ~0.99452189
-0.20677273 -0.97278719 3.36834201 -10.34572780 0.20905692
25 -(. 30901700 -0.95105650
-0.40450849 ~0.90854094 2.97265065 -7.83565180 0.20905691
26 -0.50000000 ~0.86602539
-0.58456530 -0.80458509 2.46071422 ~5.05511445 0.20905693
27 =0.66713061 -0.74314480
-0.73907380 ~0.66546501 1.91313393 ~2.66008145 0.20905692
28 -0.80%01700 ~0.58776523
-6.86128122 -0.49726093 1.36314641 -0.85816813 0.20905690
29 ~0.91354544 ~0.40673663
-0.94584651 -0,30732416 0.81669162 0.33301480 0.20905694
30 ~0.97814760 -0.20791168
~0.98907375 ~0.103955483 0.27208282 0.92597093 €. 20905691}
31 =0.99997990 0.00000001
Cy = 2.09703341 CX = -0.35218436 CM = -0.00000016
CL = 2.10384563

Figure 14.- Continued

(e) Combined solutions for cascade body
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19.60917735



DGUGLAS  ATRCRAFT  COMPANY
LONL BEACH DIVISION

2-0 CASCADE TFST PROBLEM

SPACING = 3.90000000 ALPHA = 9.99999988

OFF-BUDY POINT VELOCITIES

X Y VXL VYL
1 4.00009000 -0. 0.948323388 ~0.00167368
2 5.00000000 -0. N0.98461396 -0.00167261
3 6.00000000 -0. N.98478390 -0.00167250
4 4,uC000000 -0. 0.98323388 -~0.00167368
Figure 14. - Continued (f) Combined solutions for off-body points
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